Astronaut support or substitute robots are often employed to reduce the workload of astronauts to provide increased safety and economical advantage. In this study, a multi-DoF extendable robotic arm termed Morphable Beam Robot (MBR) was developed to serve these purposes. The MBR consists of a morphable beam as the main body, end effectors, a shaping system, and an extension system. The morphable beam is similar to the stem of a flexible desk lamp that can easily change its shape. The shaping system moves along the beam and forms it by applying a force. The MBR has the following advantages: safety assurance in the case of collision because of its flexibility, a wide working range with a small storage space, and a high redundancy. This robotic arm is capable of cooperative work with astronauts, which will provide higher safety and a wide range of monitoring and inspection. This paper describes the concept of the MBR and its breadboard model. Next, it shows the test results of the bending, reshaping, positioning, stabilizing, and rotational tests.
Introduction
To reduce the workload of astronauts, increase safety, and provide economic advantages, robots are used to support or take the place of astronauts.
Currently, two types of space robots have been developed for the International Space Station. 1) First, there are large manipulators, such as the Space Station Robot Manipulator System (SSRMS) 2) and the Japanese Experiment Module Remote Manipulator System (JEMRMS), 3) which have a large working range. Second, there are small robots that have greater finesse, such as the Special Purpose Dexterous Manipulator (SPDM), 4) and other types of experimental robots, such as the Robonaut 2 5) and the REX-J. 6) A robot with a wide working range and small storage space is very useful because all robots have to be launched by rockets. Thus, the authors have developed a robot arm, termed Morphable Beam Robot (MBR), shown conceptually in Fig.  1 . 7) The main body of this arm consists of a morphable beam (Fig. 2) , which is a metallic tube such as those used in flexible lamps, that can change and maintain its shape. By changing its length and shape, it can be categorized as a multi-degree-of-freedom (DoF) extendable arm.
In this paper, the concept and system of the MBR are described in section 2. Sections 3 through 6 describe the breadboard model of the shaping system and its subsystems in detail. Finally, section 7 shows the results of the key tests regarding the shaping system. 8) The MBR consists of the following subsystems to realize a wide working range capability.
MBR Concept

The MBR system
(1) Morphable beam A beam structure that can change its shape through an applied force, and can maintain the shape. It can change the length by letting in and out from a storage box. (2) Shaping system This system is used to move the morphable beam and change the shape by bending and reshaping. This system supplies power to each subsystem, and is required for communication and control of the subsystems. 8) Tasks that the MBR is designed to perform are as follows: (1) Pass and grip tools or other things (2) Light a working area (3) Shoot and record activities or tasks (4) Transfer astronauts or things to a working area like a rail (5) Display procedure manuals (6) Pick and place (7) Inspect solar array panels and structures (8) Insert and removing connectors
Applications of the MBR
Shaping System
Requirements of the shaping system
Considered requirements of the shaping system are as follows: (1) Bend and reshape the beam (2) Determine the relative position of the beam to reshape as desired (3) Determine the relative attitude of the beam and reshape as desired (4) Lock the shaping system to the beam as it reshapes the beam (5) Maintain a simple and small mechanical design so that the astronauts do not feel discomfort upon using the robot The fourth requirement is to keep a relative position and an attitude between the beam and shaping system during reformation. The fifth requirement is needed to satisfy a size requirement. The thickness of the shaping system has to be less than the thickness of the astronaut so that they do not feel discomfort when using the MBR. 3.2. Development of the shaping system breadboard model 8) The shaping system must have the following functions, bending the beam, determination of the attitude for deformation, moving on the beam, and locking the shaping system to the beam. To meet these requirements, the shaping system consists of two components, shown in Fig. 5 . The mechanism within the blue line is the beam shaper and the mechanism within the red line is the moving mechanism. The beam shaper functions include bending, reshaping, and locking. The moving mechanism determines the relative position and attitude. In addition, the beam shaper and the moving mechanism are connected to each other by a flexible interface, which changes its form along the beam shape.
Figures 6 and 7 show a developed breadboard model of the shaping system. Figure 6 shows the breadboard model of the beam shaper. Table 2 shows the specifications of the breadboard model. It bends the beam by rotating the bending part using a motor. It can change the length of the bending parts. The locking mechanism is achieved by sandwiching the beam between the trapezoidal screw and the worm gears by means of the power transmission. Figure 8 shows the breadboard model of the moving mechanism. The moving mechanism consists of three elastic wheels and motors, and it moves along the beam by rotating the wheels. In addition, the moving mechanism can use the motor and gears to achieve the function of attitude transformation.
Breadboard Model of the Beam Shaper
The position of the wheels is adjustable, thereby enabling achievement of the optimal values for various beam diameters (Fig. 7) . Each mechanism is attached to the base plate. In order to prevent interference with the curved beam, the moving mechanism is designed so that the size of the central hole is large enough so the beam only touches the wheels. Number of actuators 4
Flexible Interface Design
The flexible interface connects the beam shaper and the moving mechanism. It must satisfy the following requirements: 1) maintain a certain distance between the beam shaper and the moving mechanism, and 2) prevent unnecessary shaping of the beam.
To meet these requirements, a coiled compression spring is used as the flexible interface. This works because a spring has elasticity and can change shape in accordance with the beam shape. Furthermore, it has a restoring force that allows it to go back to its original shape.
The spring used in the breadboard model was selected from six springs, listed in Table 4 . The following design conditions were considered in selecting a spring.
First, the bending stiffness of the spring should be considered. If the bending stiffness is too high, then it is possible for the shaping system to cause unnecessary bending when moving. Thus, the stiffness of the beam must exceed the stiffness of the spring. Springs Nos. 3 and 4 could not pass a beam with a 45 [°] bending angle without causing unnecessary bending; therefore springs Nos. 3 and 4 are eliminated. This prototype must have a spring constant less than or equal to 1.9 [N/mm].
Second, the geometry of the spring must be considered. Springs with an inner diameter close to that of the beds am diameter (Nos. 5 and 6) are able to take the same shape as the beam. However, the size of the spring attachment part will be similar to the beam diameter, and the geometric requirements for the placement of the mechanism will be compromised during beam deformation. As a result, the beam stiffness would need to be high enough to avoid unnecessary bending. In this prototype, a minimum spring diameter of 50 [mm] was required. In addition, the free length of spring needed to be a minimum of 70 [mm] to avoid interference between the beam shaper and the moving mechanism. Functional tests assumed that movement would be limited to a single plane and that there would be friction generated between the robot and the floor.
For the two reasons mentioned above, it was best to use a spring with a low spring constant; therefore, spring No.1 was selected as the flexible interface. 
Tests
In this section, bending, reshaping, positioning, stabilizing, and rotational tests are described.
Bending test
In this test, the changes in various characteristics were investigated as the length of the bending part was modified. In addition, relationships between input angle, position, and attitude of the beam were also studied. Figure 8 shows the setup of the bending test. One end of the beam was fixed with a clamp. The other end of the beam was attached to the EE. Ball casters were attached to the EE to reduce friction. The beam shaper was suspended by a string to compensate for gravity. The distance from the fixed end of the beam to the EE was 400 [mm] . Figure 9 shows the relationship of the input angle and the input bending angle, parameters used in the bending test. Input angle φ denotes the rotation angle of the bending part with respect to its initial position. If the y-axis and the bending part are parallel, then the input angle is zero (φ = 0 [°] [mm] to have the best performance. Too long or too short of a bend were not good for the following reasons. A part with a short bend needs a large input angle, and the input attitude becomes large with respect to the output attitude. Moreover, a part with a long bend causes the beam to bend middle of the beam, not at the tip (Fig. 12) .
Subsequently, the relationship between the input angle, the position, and the attitude of the beam using a 150 . This shows that the position and attitude of the EE become larger when the input bending angle is increased. Figure 13 shows the relationship between the input bending angle and the output attitude. Figure 14 shows the relationship between the input bending angle and the mean output position. Error reason was considered as follows. In these experiments, the beam was bended from linear original shape. After bending, it was restored to linear shape manually and all beam joints were not completely reproduced. Thereby, a point that begins bending first did not correspond. Hence, differences of output position and attitude occurred.
These indicate that the relationship between the input bending angle and the output attitude can be expressed by a linear relationship, and the relationship between the input bending angle and the output position can be expressed by a quadratic function. Thus, it was found that the deformation of the beam will not constantly change as a function of the input angle.
Furthermore, it was found that there were variations in the deformation of the beam. The maximum values of the position error were 8.2 [mm] in x-direction and 6.9 [mm] in y-direction, and the maximum attitude error was 5.6 [°] . Position error did not depend on beam length. In other words, the error did not increase if beam lengths got longer. However, the attitude error did depend on beam length. Therefore, the attitude error strongly increased the position error of the EE. To address this issue, a sequential path planning algorithm needed to be developed.
Additionally, it was found that the deformation was slightly reset once the bending part detached from the beam. Figure 15 shows the relationship between the input bending angle and the amount of return. These results revealed that the amount of return becomes larger in accordance with the input bending angle. This phenomenon was due to the plasticity of the beam. The beam was composed of helically rolled metal secured with thin tape. If the structure was not secure enough, it cannot maintain the desired deformed shape and will slightly return to its original shape. This structural characteristic of the beam caused the beam to reset after unloading. There was an elastic deformation area and a plastic deformation area on the beam and the beam transformation model has to consider these characteristics. 
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Length of bending parts Fig. 15 . The mean change of the EE position and attitude before and after detaching the bending part from the beam.
Reshaping test
In this test, the performance of reshaping was evaluated.
The procedure was as follows. (1) The beam shaper bends the beam to a specified angle. input to offset the elasticity of the beam. (4) Position (x,y,z) and attitude (θ) of the EE are measured. Figure 16 shows the setup of the reshaping test. The beam shaper was attached to the gimbal. Thus, the shaping system could change its attitude by itself. Figure 17 shows the parameter relationship of the reshaping test. Figure 18 shows an example of the procedure.
The test confirmed that the beam shape can be reshaped linearly (see Table 6 and Fig. 19) . However, the tip of the EE had following error (Fig. 20) . 
From Eqs. (1) and (2) [mm] if the beam is to return to a straight configuration. Thus, the attitude of the bending part required to reshape the beam to a straight configuration is:
However, initial state of the bending part is already tilted 3.4 [°] . Thus, actual input value is:
(6) Therefore, the input angle must be increased by 3.2[°] when considering geometric shape alone. Even though 5.5[°] is larger than the calculated value, it is practically needed, and is considered to be the reason for the elastic nature of the beam. 
Positioning test
In this test, the performance of the shaping system moving along the beam was evaluated. The procedure was as follows: (1) The beam shaper bends the beam.
(2) The shaping system moves on the beam in a state that satisfies the relationship below: (Beam stiffness) > (Driving force) (Spring stiffness) > (Static friction) (3) The moving direction could be from the EE to the root or from the root to EE. Figure 21 shows the setup of the moving test. The beam shaper and the moving mechanism were attached to casters to reduce friction. The root of the beam was fixed by a clamp. Figure 22 shows the physical relationship of the components involved in the moving test. Table 7 shows the conditions of the moving test. The moving velocity was slow in order to maintain a quasi-static state and reduce the dynamic impact. Moving in a quasi-static state was sufficient because the MBR does not require fast operation like general manipulators or parallel robots. Figure 23 through Figure 26 show the various states of moving. Table 8 shows the results of the moving test. From these results, it was confirmed that the moving mechanism could move in either direction and along any bending angle. In addition, the amount of wheel rotation and movement demonstrated high repeatability.
However, there was error in the amount of EE tip movement. The reasons for this are as follows. The central part of the base plate of the beam shaper was caught in the structure of the beam when the moving mechanism moved. Thus, the beam shaper did not move and the spring of flexible interface compressed, thereby storing potential energy. This caused the shaping system to move from the root to the EE. When the catch slid, the stored force was released and the spring extended. The impact that occurred at this time caused the beam to vibrate. As a result, the position and the attitude of the EE changed. Even if the shaping system moved from the EE to the root, the spring comprising the flexible interface would extend, and the same phenomenon would occur. The error was found to be larger when the shaping system moved from the root to the EE than when it moved from the EE to the root. 
Stabilizing test
The locking mechanism fixed the position and attitude by sandwiching the beam. The torque of the motor was transferred by worm gears. Therefore, once the force was transferred, it was not released. Figure 27 shows the states of locking. The left side shows the state before locking and the right side shows the state after locking.
The beam shaper was strongly fixed, therefore confirming that the fixed mechanism had good locking performance. 
Rotational test
In this test, the rotational performance of the shaping system was evaluated. Figures 29 and 30 show the states of rotation. It was confirmed that the beam shaper could change its attitude by using this mechanism. However, the effect of the gravity is not canceled in this test and each movement was not same when bending angle and rotation phase were different. 
Beam shaping test
This test confirmed that beam shaping could be achieved. The setup is shown in Fig. 31 . The beam shaper and moving mechanism were mounted on the gravity canceller to enable smooth 2D translation movement and 3D angular movement. The expected beam shape is shown in Fig. 32 , and the results are shown in Fig. 33 . Detailed values of the expected results are shown in Table 9 . This test showed that the shaping system has the ability to shape the beam. 
Conclusions
In this paper, the effectiveness of the MBR (Morphable Beam Robot) was evaluated by developing and testing a breadboard model of the shaping system. Functional testing of the MBR and beam shaping ability are described in section 7.
The MBR is capable of the following tasks: (1) Constructing a control method used for beam shaping.
(2) Development of a beam shaping algorithm. (3) Development of a measurement system for measuring the shape of beam, the position, and the attitude of the EE and the shaping system in a 3D environment. (4) Ability to perform a sequence of actions for achievement of the target position and attitude of the EE.
